Purified preparations of a distinct autophosphorylation-activated protein kinase from bovine kidney phosphorylated and inactivated purified preparations of protein phosphatase 2A2 (PP2A2) by about 80% with the autophosphorylation-activated protein kinase, protamine kinase, and 32P-labeled myelin basic protein as substrates. Analysis of incubations performed in the presence of 0.2 mM [-32P]ATP by autoradiography following SDS/PAGE and by FPLC gel permeation chromatography on Superose 12 demonstrated that the catalytic subunit of PP2A2 was phosphorylated in the incubation mixtures containing the kinase and phosphatase. Up to 0.3 mol of phosphate groups was incorporated per mol of the catalytic subunit of PP2A2 following incubation with the kinase. This phosphorylation was enhanced about 5-fold in the presence of 0.4 FM microcystin-LR. In addition, up to 1 mol of phosphate groups was incorporated per mol of the PP2A2 subunit of apparent Mr 60,000 when microcystin-LR was included. Analysis by thin-layer chromatography indicated that PP2A2 catalyzed an autodephosphorylation reaction which was inhibited by microcystin-LR. Phospho amino acid analysis showed that the catalytic subunit of PP2A2 was phosphorylated on threonine residues by the autophosphorylation-activated protein kinase. Together with previous observations, the results suggest that inactivation of PP2A by phosphorylation catalyzed by the autophosphorylation-activated protein kinase could contribute to the marked increase in the phosphorylation of cellular proteins in response to insulin and other mitogens.
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Protein phosphatase 2A (PP2A) is a protein-serine/threonine-phosphatase which acts on the enzymes and proteins that regulate the rates of glycogen metabolism, glycolysis/ gluconeogenesis, cholesterol synthesis, aromatic amino acid metabolism, protein synthesis, gene transcription, and numerous other processes (1, 2) . Two forms, PP2A1 and PP2A2, have been found in the cytosol of nearly all tissues examined (1, 2) . A form of PP2A2 has also been purified to apparent homogeneity from extracts of bovine kidney mitochondria (3) . PP2A1 and PP2A2 contain a catalytic subunit of apparent Mr 36,000 and a subunit of apparent Mr 60,000. PP2A1 also contains a subunit of apparent Mr 55,000. The catalytic subunit is highly conserved (4) (5) (6) (7) (8) , and in some species two forms have been identified by cloning methods (4) (5) (6) (7) (8) . The deduced amino acid sequences indicate that these two forms of the catalytic subunit exhibit 97% identity, with four of the seven amino acid substitutions located in the N terminus being conservative (4) (5) (6) (7) (8) . However, the exact physiological function of PP2A is uncertain because the enzyme exhibits overlapping specificity with PP1 and PP2C. Furthermore, other than subunit-subunit interactions which modulate the specificity of PP2A (1, 2) , there is little information on the regulation of this enzyme (1, 2) . Nevertheless, PP2A is considered an important enzyme that is likely to occupy a critical position in the control of diverse metabolic pathways and thus is a potential target for acute regulation by hormones and other extraceliular stimuli.
We recently purified to apparent homogeneity a distinct autophosphorylation-activated protein kinase from extracts of bovine kidney (9) . Purified preparations of this autophosphorylation-activated protein kinase exhibited an apparent Mr 36,000 as estimated by SDS/PAGE and by gel permeation chromatography on Sephacryl S-200 (9). The purified enzyme underwent a rapid (t1l2 = 0.5-1 min) intramolecular autophosphorylation reaction which was accompanied by an =10-fold increase in enzyme activity (9) . Autophosphorylation and activation were reversed by purified preparations of PP2A2, demonstrating that the activity of the purified kinase was regulated by reversible phosphorylation (9) .
In this paper we show that in the presence of Mg2+ and ATP, purified preparations of the autophosphorylationactivated protein kinase phosphorylate the catalytic subunit of PP2A2 and inactivate by about 80% the activity of this phosphatase with the autophosphorylation-activated protein kinase, purified preparations of an insulin-stimulated protamine kinase (10, 11) , and 32P-labeled myelin basic protein (MBP) as substrates. Together with previous observations, the results suggest that inactivation of PP2A by phosphorylation could contribute to the phosphorylation of cellular proteins on serines and threonines in response to insulin and/or other mitogens.
MATERIALS AND METHODS
KC2 ethyl reverse-phase TLC plates were from Whatman. Silica-gel TLC plates were from Sigma. 32P1 was from Amersham. Protamine kinase (10) and PP2A2 (12) were purified to apparent homogeneity from extracts of bovine kidney as described. Other materials are given in refs. 9-15.
Purififcation of Autophosphorylation-Activated Protein Kinase. The kinase was purified as described (9) . Bovine kidney cortex (2 kg) was homogenized in a Waring blender at high setting for 1 min with 2 vol of buffer A (25 mM Tris chloride, pH 7.0/1 mM EDTA, 0.2 mM phenylmethylsulfonyl fluoride/l mM benzamidine/14 mM 2-mercaptoethanol). The homogenate was centrifuged for 30 min at 10,000 rpm in a Beckman JA-10 rotor and the pellets were discarded. To the supernatant was added with stirring 0.14 vol of 50%o (wt/vol) poly(ethylene glycol). After 30 min, the mixture was centrifuged and the pellets were discarded. The supernatant was passed through glass wool and then applied onto a column ( 
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The publication costs of this article were defrayed in part by page charge payment. This article must therefore be hereby marked "advertisement" in accordance with 18 U.S.C. §1734 solely to indicate this fact. of 0-0.5 M NaCl at a flow rate of 500 ml/hr, and 6.3-ml fractions were collected. Autophosphorylation-activated protein kinase was recovered at about 0.2 M NaCl. Active fractions were pooled, diluted with 4 vol of buffer B, and applied onto a column (2.5 x 6 cm) of heparin-agarose equilibrated with buffer B. The column was washed with 1 liter of buffer B and then developed with a 1000-ml linear gradient of 0-0.4 M NaCl at a flow rate of 300 ml/hr, and 6.3-ml fractions were collected. Autophosphorylationactivated protein kinase was recovered at about 0.2 M NaCl. The active fractions were pooled, mixed with 1 vol of buffer B containing 1 M NaCl, and then applied onto a column (2.5 x 4 cm) of phenyl-Sepharose equilibrated in buffer B/0.5 M NaCl. The column was washed with 500 ml of buffer B/0.25 M NaCI and then developed with a 600-ml linear gradient from buffer B/0.25 M NaCl to buffer B/65% (vol/vol) ethylene glycol/0.025 M NaCl/0.1% Triton X-100 at a flow rate of 90 ml/hr, and 3.8-ml fractions were collected. Autophosphorylation-activated protein kinase was recovered at about 30% ethylene glycol. The active fractions were pooled, mixed with 3 vol of buffer B and then applied onto a column (2.5 x 4 cm) of CM-Sepharose equilibrated in buffer B. The column was washed with 300 ml ofbuffer B and the combined effluent was applied onto a column (2.5 x 4 cm) ofprotamineagarose equilibrated with buffer B. The column was washed with 500 ml of buffer B and then developed with a 600-ml linear gradient of 0-0.9 M NaCl at a flow rate of 300 ml/hr, and 5-ml fractions were collected. Autophosphorylationactivated protein kinase was recovered at about 0.6 M NaCl. The active fractions were pooled, diluted with 10 vol of buffer B, and then applied onto a small column (1.5 x 3 cm) of heparin-agarose equilibrated with buffer B. The column was washed with 50 ml of this buffer, and the kinase was then eluted with buffer B/1 M NaCl. The active fractions were pooled (about 2.5 ml) and applied onto a column (2.5 x 95 cm) of Sephacryl S-200 equilibrated and developed with buffer B/0.2 M NaCl. Fractions (1.8 ml) were collected and the flow rate was 20 ml/hr. The active fractions from Sephacryl S-200 were pooled and applied onto a column (1.5 x 1.5 cm) of phenyl-Sepharose equilibrated with buffer B/0.25 M NaCl. The column was washed with 50 ml of this buffer, and the kinase was eluted with buffer B/65% ethylene glycol/0.1% Triton X-100. The active fractions were pooled, aliquoted, and stored at -70°C. These preparations consisted of a single polypeptide of apparent Mr 36,000 as determined by SDS/PAGE (16 Protamine kinase activity was determined as described (13) (Fig. 1) . In contrast, when the incubation mixtures contained AMP, ADP, adenosine 5'-[3,'y imido]triphosphate, or GTP instead of ATP, little or no effect on the rate of inactivation of the kinase by the PP2A preparations was detected (Fig. 1) . Incubation with autophosphorylation-activated protein kinase also inactivated the PP2A2 preparations in a time-dependent manner with 32P-labeled MBP or purified protamine kinase as substrates (Fig. 2) .
Inactivation of PP2A2 preparations depended on the rela- apparent Mr 36,000 was phosphorylated (Fig. 3A) . This phosphorylation correlated closely with the inactivation of the PP2A2 preparations. However, because autophosphorylation-activated protein kinase and the catalytic subunit of and aliquots (25 Mul) of the fractions were subjected to SDS/PAGE followed by electrophoretic transfer onto Immobilon-P transfer membranes (Millipore). The bands corresponding to the catalytic subunit of PP2A2 were identified by staining with Ponceau S and excised from the membrane strips for liquid scintillation counting. Arrows denote the positions at which purified preparations of PP2A2 and autophosphorylation-activated protein kinase (AK) were eluted from the column. Aliquots of the fractions exhibiting the highest radioactivity from the incubations performed in the absence (lane 1) or presence (lane 2) of microcystin-LR were then electrophoretically transferred onto Immobilon-P transfer membranes after SDS/ PAGE. The membrane strips were stained with Ponceau S, washed with water, dried, and then exposed to x-ray film. Inset shows an autoradiogram of the dried membrane strips. Arrows denote the positions corresponding to the PP2A2 subunits of apparent Mr 60,000 and 36,000.
PP2A2 comigrate with an apparent Mr 36,000 in SDS/ polyacrylamide gels, the incubations were analyzed further by FPLC gel permeation chromatography on a calibrated y l.. (Fig. 3B) . In a of phosphate incorporation into the ca PP2A2 was enhanced about 5-fold when th performed in the presence of microcystir hibitor of PP2A (Fig. 3B ). Under these cl mol of phosphate was also incorporated pe plates were dried and then exposed to x-ray filmr of the dried plates is shown. The position to whi run alongside the samples, migrated is denoted 2 was incubated with as described in the f 12% trichloroacetic was then centrifuged it was discarded and portions of trichlorosubunit of apparent Mr 60,000 (Fig. 3B) . Control incubations in which PP2A2 and autophosphorylation-activated protein kinase were incubated separately in the absence or presence of microcystin-LR showed little or no phosphorylation (data not shown). There was also little or no 32P-label associated with fractions containing autophosphorylationactivated kinase (Fig. 3) . We estimate that up to 0.3 mol and 1.5 mol of phosphate was incorporated per mol of the catalytic subunit of the PP2A2 preparations following incubation with autophosphorylation-activated kinase in the absence and presence of microcystin-LR, respectively. Phospho amino acid analysis indicated that the catalytic subunit of the PP2A2 preparations was phosphorylated on threonine residues (Fig. 4) . Autodephosphorylation of PP2A2. The results suggested that in the absence of microcystin-LR, PP2A2 catalyzed an autodephosphorylation reaction. To examine this possibility, the incubation mixtures were analyzed by TLC followed by autoradiography. In the absence of microcystin-LR, phosphate was released in the incubation mixtures containing the kinase and phosphatase; whereas in the presence of microcystin-LR, this dephosphorylation was inhibited (Fig. 5 ).
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The results demonstrate that PP2A2 is inactivated by phosnixtures were heated phorylation of its catalytic subunit following incubation with d with a Speed Vac purified preparations of autophosphorylation-activated proo ascending TLC on tein kinase. Thus, following incubation with purified prepaethanol/1.5% acetic rations of autophosphorylation-activated protein kinase, mhefplatesdweretthen PP2A2 was inactivated by up to 80% with autophosphorylam of a dried plate is tion-activated protein kinase (Fig. 1) , 32P-labeled MBP (Fig. alongside the sample 2) and protamine kinase (Fig. 2) as substrates. Under these conditions, up to 0.3 mol of phosphate was incorporated per mol of the catalytic subunit of PP2A2 (Fig. 3) . Phospho amino orotein of apparent acid analysis indicated that the catalytic subunit of PP2A2 )reparations by gel was phosphorylated on threonine residues (Fig. 4) . The .ddition, the extent location of the phosphorylation site(s) remains to be deter-.talytic subunit of mined. e incubations were Analysis by TLC indicated that PP2A catalyzed an autoden-LR, a potent inphosphorylation reaction during incubation with the kinase onditions, about 1 (Fig. 5 ). This dephosphorylation was inhibited when the *rmol ofthe PP2A2 incubations were performed in the presence of the PP2A inhibitor microcystin-LR (Fig. 5) . Moreover, in the presence * I of microcystin-LR, the extent of phosphate incorporation into the catalytic subunit of PP2A2 was enhanced S5-fold (Fig. 3) . In addition, under these conditions up to 1 mol of ;i11i4 phosphate was incorporated per mol of the PP2A2 subunit of apparent Mr 60,000 following incubation with the kinase (Fig. 3) . Phosphorylation of this subunit was not detected when the incubations were performed in the absence of microcystin-LR (Fig. 3) Our results suggest that phosphorylation and inactivation of PP2A may be a physiological mechanism by which autophosphorylation and activation of autophosphorylationactivated protein kinase and phosphorylation and activation of the protamine kinase may occur in cells in response to extracellular stimuli. It is important to note that the activity of the protamine kinase is stimulated rapidly following incubation of isolated rat hepatocytes with insulin (11) , apparently via phosphorylation of the kinase (11) . In addition, the evidence indicates that PP2A is a specific protamine kinaseinactivating phosphatase (12) . Thus, in contrast to the other three major cytoplasmic protein phosphatase (PP1, PP2B, and PP2C), PP2A specifically inactivated purified preparations of the protamine kinase (12) . Interestingly, relative to PP1, PP2A preferentially inactivated mitogen-activated protein kinase (23) , two distinct mitogen-activated ribosomal protein S6 kinases (23, 24) , and an insulin-stimulated Kemptide kinase (25) . Thus, it is also possible that inactivation of PP2A by phosphorylation may contribute to the phosphorylation and activation of these insulin-and mitogen-activated protein kinases also and thereby contribute to the marked increase in the phosphorylation of cellular proteins in response to insulin and other mitogens.
However, in addition to its activity with the insulin-and mitogen-regulated protein kinases, PP2A exhibits activity with numerous proteins that are also phosphorylated in response to insulin and other mitogens. For example, acetylCoA carboxylase (26) , ATP-citrate lyase (26) , and the mRNA cap-binding protein, initiation factor 4E (27, 28) are phosphorylated in intact cells in response to insulin and other mitogens. Acetyl-CoA carboxylase and ATP-citrate lyase are some of the best PP2A substrates identified to date (1), and PP2A is an initiation factor 4E phosphatase (G. D. Amick and Z.D., unpublished data). Thus, phosphorylation and inactivation of PP2A in response to insulin and other mitogens may also contribute to the phosphorylation of these proteins. Previous failures to observe an effect of insulin and other mitogens on PP2A activity (29, 30) may well be because the conditions employed did not prevent the dephosphorylation of PP2A either by autodephosphorylation or by other PP2A phosphatases present in extracts from the control and hormone-treated cells.
While this manuscript was in the final stages of preparation, Brautigan and coworkers (31) reported that purified preparations of the catalytic subunit of PP2A could be phosphorylated transiently on tyrosine residues by the tyrosine-specific insulin and epidermal growth factor receptor kinases and by the non-receptor tyrosine-specific kinases p60v-src and p561ck. The effects of the p56 ck-, insulin receptor-, and epidermal growth factor receptor-catalyzed phosphorylations on PP2A activity were not determined. However, thiophosphorylation by p60v-src purified by immunoprecipitation from cells overexpressing the gene for this enzyme was reported to inactivate the purified preparations of the catalytic subunit of PP2A with phosphorylase as substrate (31) . These results are in contrast to those reported in this paper, which show that PP2A2 is inactivated by phosphorylation of its catalytic subunit on threonines catalyzed by purified preparations of the autophosphorylationactivated protein kinase. It is nevertheless possible that in intact cells multisite phosphorylation of the catalytic subunit ofPP2A2 on threonine and tyrosine residues may, in response to extraceilular stimuli, be a mechanism for "locking for the duration" the phosphorylated and inactivated form of PP2A.
